Genes within the major histocompatibility complex (MHC) Extensive variation of major histocompatibility complex (MHC) genes occurs in all vertebrate species, due to a number of structural and genetic features, including gene duplication, heterodimer formation, and extensive allelic polymorphism. Notably, within MHC DRB genes, sequence polymorphism is nonuniform, clustered within "hypervariable" regions of the second exon (1-4), which encodes the antigen-binding portion of the MHC class II molecule. Thus, functional properties of the MHC molecule and the corresponding selective pressures that arise from immunological challenges cluster within a limited set of highly polymorphic nucleotides.
deletions corresponding to specific exon 2 hypervariable regions, which encode a discrete ct helical segment of the MHC antigen combining site. This precisely localized deletion provides direct evidence implicating segmental exchange ofMHCencoded DRB gene fragments as one of the evolutionary mechanisms both generating and maintaining MHC diversity. Intergenic exchange at this site may be fundamental to the diversification of immune protection in populations by permitting alteration in the specificity of the MHC that determines the repertoire of antigens bound.
Extensive variation of major histocompatibility complex (MHC) genes occurs in all vertebrate species, due to a number of structural and genetic features, including gene duplication, heterodimer formation, and extensive allelic polymorphism. Notably, within MHC DRB genes, sequence polymorphism is nonuniform, clustered within "hypervariable" regions of the second exon (1) (2) (3) (4) , which encodes the antigen-binding portion of the MHC class II molecule. Thus, functional properties of the MHC molecule and the corresponding selective pressures that arise from immunological challenges cluster within a limited set of highly polymorphic nucleotides.
Calculations based on sequence variation have indicated that the overall mutation rate of MHC loci is not higher than that of most other genetic loci (5) . However, it has been suggested that discrete segments within the second exon may accumulate mutations at different rates (4) . Specific mechanisms for generating localized variability in the MHC, such as gene conversion and interlocus genetic exchange, have been suggested but they are controversial and indirect (6) (7) (8) . Indeed, arguments for convergent mechanisms to account for recurrent sequences within otherwise divergent alleles have even been proposed (9) . We now provide evidence from an analysis of macaque and baboon MHC DRB-related genes for intragenic segmental loss of specific hypervariable sequences, consistent with evolutionary mechanisms involving exchange of DRB gene segments generating MHC diversity.
MATERIALS AND METHODS DRBFP1 (forward) and DRBRP2 (reverse) oligonucleotide primers were used for primary amplification and sequencing of DRB loci in humans and nonhuman primates. Genomic DNA was amplified by PCR for 29 cycles at 55°C, 72°C, and 93°C for 30 sec each. Amplification products were ligated into the TA cloning vector (Invitrogen) before sequencing by the dideoxy termination method. As described, additional allele-specific primers were then derived from these sequences. Nested reverse primers NHP-R0, NHP-R1, and NHP-R2 were used in conjunction with nested forward primers NHP-01, NHP-02, NHP-03, and NHP-04 to confirm the "short" MHC sequences by independent amplification from genomic DNA. Primers  used included: NHP-01, TGGAGCAGGCTAAGTGTAAG;  NHP-02, TTCTTGGAGTAGGCTAAGTGT; NHP-03, GG-AGCAGGCTAAGTGTGAG; NHP-04, TTGGAGCAGGCT-AAATATGAG; NHP-R0, TGTAACTCTGTGACAGGCCA;  NHP-R1, TGTAACITCTGTGACAAGCCG; NHP-R2, TTCC-GTAATTGTAACTCTGTGA; DRBFP1, CCCCACAGCAC-GTTTCTTG; DRBRP2, CCGCTGCACTGTGAAGCTCT. RESULTS AND DISCUSSION Over 50 DRB-like sequences from a wide variety of nonhuman primates were derived by amplification of the second exon homologs using DRB1 consensus primers. Most of the sequences gave the expected 270-bp product that aligned with DRB second exon sequences. However, four short variants of 208 bp were identified in macaques; these sequences were also homologous to portions of the DRB second exon with a 62-bp gap and were observed in two species of macaques, Macaca fascicularis and Macaca nemestrina (Fig. 1) . The deleted nucleotide sequences corresponded to codons 60-80 of the DRB second exon, also creating a frame shift at the junction flanking this gap. Additional polymorphisms distinguished the four short variants, consistent with continued divergence of these sequences subsequent to a common ancestral deletional event.
A very similar sequence was also identified in a baboon DRB-like gene shown in Fig. 1 
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Evolution: Gaur and Nepom Proc. Natl. Acad. Sci. USA 93 (1996) 5381 10 20 30 40 TTC TTG GAG CAG GCT AAG TGT GAG TGT CAT ATC TTC AAT GGG ATG AAG CGG GTG CAG TAC CTG AAC AGA TAC ATC CAT AAA CGG GAG GAG AAC CTG CCC TTC GAC AGC GAC GTG
80 GAG GAG TTC CAG GCA GTT ACG GAA CTG GGG CGG CCT GTC GCA GAG AAC TGG AAC AGC CAG AAG GGA ATC CTG GAG GAG AAT CGG GAC AAG GTG GAC ACC TAC TGC AGA TAC AGT (12) . Indeed, one of the short DRB6 sequences observed in the macaques contains an additional sequence polymorphism at codon 10 that encodes a stop codon, consistent with the interpretation that these represent ancestral pseudogenes.
DNA from a variety of human MHC haplotypes was also studied, using both the amplification primers originally used in this study as well as primers corresponding to the predicted junctional sequences; no short human homologs were identified.
The boundaries of the deleted DNA segment from codon 60-80 are of interest because they have a specific topological alignment within the DRB molecule. Mne-DR26*pxsO3
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Selected human (HIA), macaque, baboon, and prosimian (lemur and galago) sequence alignment representing the three variable regions (HVR) within the DRB second exon. Mane, M. nemestrina; Mafa, M. fascicularis; Lefa, Lemurfulvus albifons; Lefs, L. fulvus sanfordi; Gaga, Galago garnetti; Gasm, Galago senegalensis moholi; Paca, Papic cynocephalus anubis. The allelic designation for the primates is provisional; allelic designation ps" indicates a pseudogene with a stop codon and "pss" indicates pseudogenes with a short sequence due to the 62-bp gap in the a helical region. .. (16) , and similarly the DRB1 *0415 sequence may derive from a DRB1 *0401/DRBl *11 recombinant (17) . Analysis of additional sequences derived from nonhuman primates identified some striking examples that also appear to represent this diversification mechanism. As shown in Fig. 2 (Fig. 2, grey) (4) . Because this x-like sequence occurs in a nonpolymorphic portion of the exon, it raises the possibility that conservation of a mechanism for localized segmental exchange is one of the underlying evolutionary features accounting for MHC DRB diversity.
Localization of DRB1 segmental variation to the second exon implies functional selection mechanisms, because this segment encodes the class II MHC domain that interacts with highly variable peptide antigens. Indeed, the comparable functional site in the third exon of the MHC class I HLA-B locus has also been suggested to arise by similar mechanisms, based on sequence comparisons that suggest recombinant origins (20) . As pointed out by others (21) , there are also examples of sequence variation in DRB genes consistent with concepts of convergent evolution. However, the specific localization of the deleted DRB6 gene segment described here is most consistent with the interpretation that the evolutionary history of the a helical portion of the second exon likely involves specialized recombinational events.
